INTRODUCTION
Venus has been known for many years to have a remarkably high surface temperature of some 750 K despite its complete coverage by highly reflective clouds which cause it to absorb less energy from the sun than does the earth. This fact is all the more remarkable in view of the overall similarity of Venus and the earth in terms of size, mass and distance from the sun.
Mechanisms that might be responsible for the thermal balance of the atmosphere of Venus have attracted considerable attention ever since the discovery of the planet's unexpectedly high surface temperature. A summary of the state of understanding of the thermal balance of Venus before the Pioneer Venus mission is given by Tomasko et al. [1977] . Briefly, it was felt that radiative processes played the key role in determining the vertical temperature structure of the atmosphere with very efficient horizontal redistribution of heat by dynamical processes required to explain the apparently small differences in temperature structure observed over the planet.
I-n order to improve significantly the understanding of these processes, an ambitious and coordinated program of measurements of the temperature structure, solar and thermal radia- From the cloud levels to the surface, the mean temperature lapse rate is -•7.8 K/km on both the day and night sides of the planet at latitudes up to at least 60 ø. Above the clouds, a stratosphere extends upward to -•100 km, becoming nearly isothermal at a temperature near 170 K. The lower boundary of this major change in lapse rate coincides with the region of sharply increased heating seen in the solar net flux profile above 56 km [Tomasko et al., this issue] . A prevalent feature of the cloud top region at higher latitudes is the inversion in the temperature profile at about 60 km shown in Figure I by the North probe data. This has been seen consistently in radio occultation measurements [Howard et al., 1974 ; Kliore and Patel, this issue], even at near equatorial latitudes, where its amplitude is smaller. It is apparently a region of adjustment in radiative balance, from the upper cloud to the haze and clear stratosphere above it. The upper atmosphere is cold relative to that of the earth, and is subject to large diurnal temperature variation [Keating et al., 
this issue].
The global variation in the temperature structure seen above the clouds by the orbiter infrared instrument was moderate. Temperature differences at a given altitude are no greater than a few degrees K from day to night at levels below 100 km, and vary -•20 K with latitude. The warmest regions lie over the poles [Taylor et aL, 1979b, c, this issue] . Below the clouds, the two mid-latitude probes showed temperatures of a few degrees K warmer than those measured by the Sounder probe near the equator. The diurnal variation below the clouds is very small. At the North probe site, 60 ø latitude, larger temperature differences of up to 25 K cooler than at lower latitudes were observed in the clouds above 55 km [Seiff el al., this issue]. The temperature difference measured between 60 ø and 30 ø latitude is approximately that needed to maintain the zonal winds in cyclostrophic balance [Seiffet al., 1979b , this issue], reflecting the strong coupling in the clouds between temperature structure and dynamics. Although the probe entry sites were limited to local Venus times from midnight to 8 A.M. and from 4 ø to 60 ø latitude, the radio o½½ult-ation data extend the observations to polar latitudes. These observations show that cooling of the atmosphere in the clouds with increasing latitude continues to the poles.
Some of the most interesting results of the Pioneer Venus atmosphere structure experiments were related to atmospheric stability. Prior to Pioneer Venus, it had been thought that the deep atmosphere was generally near-adiabatic, or convective [see, e.g., Stone, 1975; . The temperature structures measured by Pioneer Venus show instead that the deep atmosphere from •26 to 52 km is stable. The dashed line in Figure I extends the adiabatic profile upward into this stable layer. Below this deep stable layer lies a convective layer, but it only extends down to -• 18 km. Underneath this is another lower-lying stable layer (at latitudes up to at least 30ø). Near the surface, there is indication from Venera 9 and 10 data [Avduevsky el al., 1977] of a convective layer, and in the middle cloud, there is also a thin (-•2 km) convective layer [Seiffet al., this issue]. These observations comprise an important constraint on the thermal and dynamic models, serving as a sensitive discriminant to the selection of appropriate values for the model parameters.
MEASUREMENTS OF RADIATIVE PROCESSES

Global Radiative Energy Budget
The Vortex experiment on the PV orbiter described by Taylor el al. [this issue] has mapped the thermal emission (in seven narrow passbands) and the reflected sunlight (in a broad wavelength channel) over the northern hemisphere of Venus. These data on the reflected solar and emitted thermal radiation fields at the top of the atmosphere provide the basic data needed to calculate the planetary-scale radiation budget for Venus. On the (highly probable) assumption that the sun is the only important source of energy driving the Cytherean atmospheric 'engine,' the excess of energy absorbed over that emitted in the equatorial regions must be transported to high latitudes to supply the observed deficit there. This requirement for balance is the fundamental driving force behind the general circulation on Venus, as it is on earth.
Ingoing solar radiation. The amount of solar absorption can readily be calculated using the information in Table 4 
Again, an effective wavelength was selected to simplify the integration over wavelength. It was assumed that the planet radiates like a blackbody at the effective temperature of the cloud tops as measured at 11.5/•m; this wavelength is close to the peak of the Planck function at Cytherean bolometric temperatures. This is not as severe a simplification as it may appear at first. Although the Vortex measurements themselves demonstrate that Venus is decidedly nongray, model calculations show that the use of the brightness temperature measured at 11.5 pm to calculate the total bolometric flux is accurate to within 5-10%. This is to some extent due to the fact that the higher far-infrared brightness temperatures caused by the reduced opacity of the clouds at longer wavelengths, is offset fortuitously by the narrow but very opaque 15 pm CO2 band which occurs near the maximum of Ix. The models referred to above are generated by retrieving the vertical temperature profile and cloud model parameters from the Vortex thermal channels. The spectrum of Venus can then be computed from such a model and integrated over wavelength to obtain the net flux. This is a convenient way of integrating the portion of the spectrum (about 30% of the total energy) actually monitored by Vortex, and estimating the rest. Since this has to be done accurately for all latitude-longitude and p bins, this approach to a more precise calculation of the energy budget is a long-term project and will be reported in a later paper. For the present report, its use has been limited to checking the grey approximation as noted above. The results of the radiation budget calculation are shown in Venus depends significantly less strongly on latitude than does that from the earth. Other and more tentative conclusions which can be drawn from this are as follows:
1. There is an anomalously high rate of cooling at the pole on Venus, due to the relative transparency of the clouds there. However, this is nearly negligible for the energy budget of the atmosphere as a whole because its area is a small fraction of the total. The Venus clouds are stratiform and found in three major layers with haze regions both above and below the main cloud layers. The upper haze containing only mode 1 is found above about 65 kin. This layer seems to be located primarily in the polar region beyond about 50 ø latitude. It is also seen in an attenuated form at lower latitudes concentrated near the terminators. The upper cloud region (57-65 kin) is apparently a global feature. It has a bimodal size distribution as seen from both the orbiter and the LCPS (modes 1 and 2). A large fraction of the incoming sunlight is absorbed in this region, which implies that one or both of the modes has a low single scattering albedo. This is inconsistent with a composition of only concentrated sulfuric acid. Absorption in the ultraviolet portion of the spectrum is due to a combination of materials whose identity is uncertain. A discussion of the various candidates for this absorption is given in Pollack et al. /tm they become strongly absorbing with an imaginary index approaching 1.0. The infrared optical depth (due almost entirely to absorption) is a function of the mass loading for a fixed imaginary index. The visible (scattering) optical depths depend on the size of the particles in which the mass is placed. Therefore the ratio R of the absorption optical depth in the infrared to the extinction optical depth in the visible (0.63 can be large for sufficiently small particles which have a large imaginary index in the infrared and a small imaginary index in the visible. The upper limit on the effective radius of the particles will be set by determining how much scattering optical depth can be tolerated in the visible and UV. A lower limit on the effective radius is set by the condition that coagulation does not cause the particles to grow out of the required size range faster than they can be replaced.
As an illustration, we will select a mass loading which gives an infrared optical depth of 1.0 at 10/•m. In order to get an average particle lifetime of several hours, we choose a narrow mode distribution centered at 0.035/ma with a total number density of 2 x 105 cm -3. The R value is about 17.5 so that the visible optical depth is negligible at 0.06; however, note that the particles are Rayleigh scatterers so that the scattering optical depth at 0.32/xm wavelength will be near unity. Larger particles will substantially increase the UV optical depth Region below the clouds. Prior to Pioneer Venus, the greenhouse effect represented the most popular explanation for Venus' high surface temperature [Sagan, 1960; Pollack, 1969] . According to this model, the atmosphere is more transparent in the visible than in the infrared region of the spectrum. As a result, sunlight more easily penetrates to the surface than thermal radiation from the surface can escape to space. Because the surface temperature of Venus is elevated by about 500 K above the planet's effective temperature, the atmosphere must have considerable opacity at all thermal wavelengths, in contrast to the situation for the earth, where several major 'window' regions occur.
In part, acceptance for the greenhouse explanation of Venus' surface temperature can be attributed to the apparently reasonable requirements it placed on the abundances of the major infrared absorbers. In the classical models, CO2 and H20 were assumed to be the key absorbers, with about 1/2% of H20 vapor by volume being required in the lower atmosphere [Pollack, 1969] . As results from the early Venera spacecraft probes into Venus' atmosphere became available, it was realized that the optically thick sulfuric acid clouds could also make a significant contribution to the greenhouse effect [Pollack and Young, 1975].
The most serious alternative model was one in which the large scale atmospheric dynamics created the high surface temperature [Goody and Robinson, 1966] . According to this model, heat was vertically advected downward by the general circulation from the cloud region, where all the solar energy was assumed to be deposited, to the lower atmosphere and surface. Temperature gradients between the subsolar and antisolar point drove the circulation. However, when allowance was made for the density stratification of the atmosphere, numerical circulation models failed to achieve the desired surface warming [Kdlnay de Rivas, 1975] .
Initially, the PV thermal flux measurements and the Venera 11 and 12 H20 mixing ratio estimates suggested that the atmosphere of Venus was much less opaque than expected. However, Pollack For the most part, the temperature profiles obtained below 35 km altitude in the greenhouse calculations are not too sensitive to increases in the opacity tables because they already require lapse rates as steep as the adiabatic value at these levels. Nevertheless, the calculations of net thermal flux are hampered by lack of complete opacity data of CO2, H20, and SO2 at high temperature, pressure, and abundance. At least some authors [Young, 1979] The relationship between radiative energy exchanges and the circulation of an atmosphere is a complex feedback process in which radiation creates small horizontal gradients of the atmospheric state parameters that force circulation. In turn, the circulation affects the size of the state parameter gradients and the radiative exchanges. On Venus, this process has yielded an atmosphere in which the horizontal variability of pressure, temperature, and even composition is small by earth standards. Since the radiative energy deposition from the sun is not uniform over the planet, dynamical energy transport is required if the present state of the atmosphere is to be main- 4. The observed surface temperature and the lapse rate structure of Venus' lower atmosphere can be matched quite closely with one-dimensional radiative-convective equilibrium models that incorporate the solar net flux profiles and gas and aerosol abundance data from the Pioneer Venus and Venera spacecraft missions. The more successful models of this type incorporate a water vapor mixing ratio of only several tens of ppm in the lowest regions of the atmosphere, in accord with the Yenera spectrophotometer results. Hence it appears that the very high surface temperature of Venus is due almost entirely to the greenhouse effect. 6. High zonal wind velocities were directly measured in the four probes confirming the 4-day rotation of the atmosphere at the cloud levels needed to explain the low diurnal thermal contrasts. The drive for the winds is undoubtedly related to the observed high radiative flux divergences observed at cloud altitudes, but the exact mechanism is still unclear.
7. The role of both meridional and vertical dynamical heat transports in the thermal balance of Venus is not yet well defined, although new wind measurements are qualitatively in accord with requirements for maintaining relatively low equator to pole variations in temperature structure.
Radiative transfer calculations, based on measured
temperatures and water vapor amounts, yield thermal flux profiles which differ enormously for water vapor profiles within the range of those found by PV gas chromatograph (LGC) and Venera 11 and 12. Models which reproduce the measured thermal net fluxes between 15 and 12 km require the presence of significant transmission windows in CO,• under the appropriate temperatures and pressures, and water vapor amounts somewhat less than that measured by Venera 11 and 12. Improved knowledge of the opacity of CO2 and H20 under conditions of high temperature and pressure along with better information regarding the global water vapor distribution would lead to an improved understanding of the thermal budget of the lower atmosphere of Venus.
